The radicals generated by the homolytic cleavage of an X-H bond from the guanine⅐cytosine (G⅐C) base pair were studied by using carefully calibrated theoretical methods. The gradient-corrected density functional B3LYP was applied in conjunction with doubleplus polarization and diffuse function basis sets. Optimized geometries, energies, and vibrational frequencies were obtained for all of the radicals considered. Structural perturbations along with energy relaxation due to radical formation were investigated. Dissociation energies of the G⅐C base pair and all of the radicals are predicted and compared with the dissociation energy of neutral G⅐C. The three lowest-energy base pair radicals all involve removal of an H atom from one of the N atoms in G⅐C. The lowest-energy base pair radical has the hydrogen atom removed from the guanine nitrogen atom used for the sugar phosphate linkage in DNA. This (G-H) • -C radical has a dissociation energy (to G-H • ؉ C) of 30 kcal͞mol, which may be compared with 27 kcal͞mol for G⅐C. All of the radicals that are possible outcomes of direct ionizing radiation or oxidizing species were investigated for the presence of local minima with significant structural changes. Major structural deformations cause strain in the interstrand hydrogen bonding in the DNA double helix. Severe geometry changes were observed when the hydrogen was abstracted from interstrand hydrogen bonding sites, along with sizeable energy changes, indicating the potentially serious consequences to the G⅐C base pair.
T he purines and pyrimidines are foundational constituents of DNA and RNA, which are the translators of genetic information from generation to generation. The causes of damage to purine and pyrimidine bases have received significant attention from the scientific community. Both theoretical and experimental research on this important subject have been directed to understanding the underlying chemistry during and after damage to DNA (1) . Yet little is known about the possible outcome of damage to the base pairs in terms of energetics and possible structural changes that can lead to strand breakage and therefore loss of genetic information. Sophisticated experimental techniques have been used to investigate the causes and effects of DNA damage and also to determine structural features, as well as delving into the electron-binding ability of the bases and base pairs (1) (2) (3) (4) . Some of the more advanced experimental and theoretical methods have also been applied to model systems in both the gas and liquid phases to estimate and predict the physical properties and to study hydrogen bonding in purine and pyrimidine base pairs (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Over the years, experimental crystallographic data and theoretical work on the isolated bases and base pairs seemed to disagree on the hydrogen bond lengths and interaction energies of the base pairs. Guerra et al. (5) assign this apparent discrepancy to the effects of molecular environment. They report that solvating the base pairs by H 2 O and metal ions allows them to achieve agreement between experiment and theory with the BP86͞TZ2P method (5) . Nevertheless, highly complex double-stranded DNA helical patterns pose strong barriers to acquiring valuable experimental data from the DNA.
Damage to DNA and RNA base pairs can occur in at least two elementary ways, one through direct radiation and the other through oxidative cleavage of bonds. There are numerous experimental reports available in this respect, documenting the mechanisms involved in the various channels (20, 21) . Formation of the radicals from the neutral base pairs is possible due to direct exposure to radiation. Involvement of electronically excited triplet states is also indicated in the formation of radicals from closed-shell neutral molecules (22) . The stacked nature of base pairs in DNA is also well suited for fast electron transfer by classes of mutagens causing damage to DNA (23) (24) (25) . Radicals can bring about significant changes in the geometry of the base pair and overall shape of the DNA strand. Any significant structural change in the base pair can lead to strand breaking, possible mismatches in the pairing, and mutation. Investigations into the cause and effect of radical generation due to radiation and oxidative cleavage are necessary in terms of structural and energetic considerations.
Experiments done by several groups prove that even very lowenergy electrons can break DNA by various mechanisms (1). Electron attachment followed by single-strand break is one of the processes described (2) . The purpose of the present research is to explore the possibility of formation of stable radicals with significant structural changes and also to understand the energy changes associated with such processes. This is an important subject not only because attachment of electrons to DNA base pairs or radical formation (due to high-energy electron impact and͞or ionizing radiation) would lead to strand breaks and therefore deter the information flow. Conversely, to the advantage of living things, such processes may break up mutant and potentially dangerous tumor cells. Rearrangement of the radicals to a deformed structure will incorporate increased strain in the rigid DNA strand. The resultant H and base pair radicals may be quenched by thiols in biological systems (20) . If not repaired quickly, the damaged DNA mutates, and it may ultimately cause cell death.
The neutral single bases have been studied theoretically for their structures and energetic stability and predicted to be nonplanar in the gas phase. Complexation energies upon base pair formation have also been computed for both of the DNA base pairs (26) (27) (28) (29) (30) (31) , and electron affinities of the single bases (32) and base pairs have been evaluated (27, 33) .
Because of direct radiation damage and oxidation, hydrogen atoms present in the base pair can be removed, resulting in various neutral as well as cationic radicals. Hutter and Clark (26) predicted a facile proton shift in the G⅐C ϩ radical cation along its central hydrogen bond and also reported the ionization potential of the isolated bases. A recent study by Sponer et al. (34) investigated all possible combinations of base pairs in terms of their interaction energies and hydrogen bond lengths at the MP2 and CCSD(T) levels of theory by using a cc-pVTZ basis set. Radicals generated from guanine were also studied by Steenken et al. (35) , Cullis et al. (36) , and Melvin et al. (37) for their thermodynamic stability and role in strand breaking in DNA.
The present research concentrates on the neutral radicals generated by removing one hydrogen atom from the G⅐C base pair, depicted in Fig. 1 . Extracting a hydrogen-bonded H atom from the G⅐C base pair ruptures interstrand hydrogen bonds that hold the two strands together. Removing an H atom also leads to a radical at the 8 position (see Scheme 1) of the guanine. It is known that 8-oxoguanine is an important lesion that can change the conformational properties of the strand (3, 36, 38) . Radicals are formed by reactions with reactive oxygen species in the liquid phase, generated by ionizing radiation, and by direct radiation damage in the gas phase (20) . A radical at the 8 position can be a possible intermediate for the formation of the 8-oxo species. Radicals at position 8 both in the isolated guanine and Watson-Crick basepaired models are thus important species to investigate.
The present research is a contribution to the chemical physics of biomolecules in the gas phase. The decision to study the isolated base pair radicals is based on two considerations. The first is that any treatment of solvent effects for systems of the size of G⅐C radicals would degrade the reliability of the theoretical predictions. The second consideration is our conviction that the deepest understanding of biochemistry can result only when the full range of conditions is studied: namely (i) the isolated molecules; (ii) the same molecules in a microsolvated environment (e.g., a finite number of water molecules); and (iii) the fully solvated molecular species. Clearly, from this perspective, the first step is to have definite theoretical predictions for the isolated molecular systems of interest.
Methods
Optimized geometries, absolute energies, and vibrational frequencies were determined by using the generalized gradient approximation (GGA) exchange-correlation density functional on the Watson-Crick G⅐C base pair. The three-parameter hybrid HartreeFock͞density functional theory (HF͞DFT) exchange functional, B3 (39) , was used in conjunction with the 1988 dynamical correlation functional of Lee, Yang, and Parr (LYP) (40) . The dissociation energies of the G⅐C base pair systems were evaluated as follows.
Dissociation Energy (De) of G-C.

D e ϭ E(G-C) Ϫ E(G) Ϫ E(C).
Dissociation Energies of the Radicals.
D e ϭ E[(G-H)
•
and
A double-quality basis set, DZPϩϩ, with polarization and diffuse functions was used throughout the optimization and vibrational frequency computations (41) (42) (43) (44) . This DZPϩϩ set was constructed by augmenting the Huzinaga-Dunning set of contracted double-Gaussian functions with one set of p polarization functions on the H atoms and also one set of five d polarization functions on each of the C, N, and O atoms. An even-tempered s diffuse function was added to each H atom and one s and one set of p type even-tempered diffuse function were added to the each of the heavy atoms (41) . Therefore the final DZPϩϩ basis set includes six functions per H atom (5s1p͞3s͞1p) and 19 functions per C, N, or O atom (10s6p1d͞5s3p͞1d), giving a total of 421 basis functions for the G⅐C base pair and 415 basis functions for the G⅐C radicals. Previous research has demonstrated that this level of theory is reliable for molecules for which higher level ab initio calculations are still too expensive, despite the improving speeds of computers (45) . All our computations were done by using the Q-CHEM 2.1 suite of density functional programs (46) . Stationary points were obtained by analytic gradient methods.
Results
The crystallographic data (6, 8) available for the base pairs within DNA were compared with results predicted here ( Table 1) . However the structures of the possible radicals that can be generated from primary radiation damage have never been explored experimentally. Although the radical cations and other lesions have been investigated by using density functional levels of theory (26) , neutral radicals have not previously been investigated.
G⅐C.
In the Watson-Crick model, the DNA double helices are formed from the coiling of two strands of purine and pyrimidine bases. Guanine pairs with cytosine, and adenine pairs with thymine in DNA. Interstrand hydrogen bonds are responsible for this pairing. The interatomic distances obtained in this work at C 1 symmetry by using the B3LYP͞DZPϩϩ level of theory do not compare well with the crystallographic conclusions (6, 8) . We do find agreement with the theoretical structures reported by Guerra et al. (5) and Richardson et al. (27) . All previous G⅐C computations have been in poor agreement with the experimental crystal structure. Guerra et al. (5) have discussed possible reasons for the discrepancies. Fig. 1 shows the optimized geometry of the G⅐C base pair with the B3LYP͞DZPϩϩ method. The apparent lack of agreement between theory and experiment for the hydrogen bond lengths has been analyzed by Guerra et al. (5) . They conclude that the gas-phase geometry of G⅐C is inherently different from the observed crystal structure.
The dissociation energies of G⅐C, (G-H) • -C, and G-(C-H) • are reported in Table 2 . Our predicted G⅐C dissociation energy (30) . These authors estimate the Hartree-Fock limit to be 24.6 kcal͞mol, the basis set limit for MP2 to be 25.8 kcal͞mol, and the final estimated D e to be 26.3 kcal͞mol.
In the most recent paper on this subject, Sponer et al. (34) conclude that the true value of D e (G⅐C) may be slightly higher. The agreement with the present density functional theory prediction of 27.2 kcal͞mol is sufficiently encouraging to have a degree of confidence in our radical dissociation energies, for which no previous results exist.
Radicals. G(N1)-C.
A generic label is used for each of the radicals investigated in this work. Radical G(N1)-C is generated by homolytically breaking the N1-H bond of guanine. G⅐C atoms are most conveniently labeled in Scheme 1. The energy of each base pair radical is first obtained without any change in the closed-shell neutral equilibrium geometry. However, upon optimization the energy relaxes by 20.7 kcal͞mol and the hydrogen-bonding pattern drastically changes to give the structure shown in Fig. 2 . The entire backbone shifts by Ϸ2.3 Å. Nevertheless, the hydrogen bond lengths do not change much because of optimization to the planar new structure with C s symmetry. This new radical structure is a true minimum in which two NH⅐⅐⅐N hydrogen bonds are favored over the two NH⅐⅐⅐O hydrogen bonds that occur for G⅐C. This major structural change is found despite the fact that O⅐⅐⅐H hydrogen bonds appear to be stronger than N⅐⅐⅐H hydrogen bonds. This surprising result may be due to extended conjugation of the rings. Both the N-C bonds adjacent to the radical center are shortened because of the radical formation. The resulting radical minimum is predicted to lie 11.7 kcal͞mol above the lowest-energy radical G(N9)-C (see Fig. 5 ), produced by the hemolytic cleavage of the N9-H bond. An energy of 20.0 kcal͞mol (Table 2 ) is necessary to dissociate the G(N1)-C radical into the G(N1) radical plus the cytosine molecule. The presence of two hydrogen bonds instead of three makes it easier to dissociate into the guanine radical and cytosine fragments, compared with the energy (27.2 kcal͞mol) required to dissociate the neutral G⅐C base pair. G(N2a)-C. This radical, shown in Fig. 3 , is generated from G⅐C by removing one of the H atoms bound to atom N2 of guanine.
Removing the H from this N results in the loss of a hydrogen bond. The resulting radical relaxes by Ϸ7.9 kcal͞mol when optimized at the B3LYP͞DZPϩϩ level of theory. The resulting minimum (Fig.  3 ) is predicted to lie 15.5 kcal͞mol above the lowest-energy G(N9)-C (see Fig. 5 ) radical at the same level of theory (see Table   3 ). The geometrical perturbations seen in Fig. 3 are large compared with G⅐C because the three hydrogen bonds keep the backbone together in a plane. Once the H2a-O2 hydrogen bond is gone, the planarity is lost. The out-of-plane angle is Ϸ38°, as seen in Fig. 3B . An out-of-plane angle so large will put significant strain on the closely stacked base pairs. The other two hydrogen bonds are slightly elongated (by 0.109 and 0.045 Å, respectively) compared with G⅐C. The dissociation energy of structure G(N2a)-C is reported in Table 2 . The G(N2a)-C radical lies only 11.7 kcal͞mol below the isolated G(N2a) radical plus cytosine molecule combined. A dissociation energy this small is indicative of the high strain, resulting from the 38°bond angle opening in this radical, in addition to the loss of the third hydrogen bond. G(N2b)-C. Removing the guanine N2 hydrogen atom not used for making a hydrogen bond with cytosine gives the G(N2b)-C radical.
Because this H atom is not involved in hydrogen bonding, removing it has little effect on the structure of the base pair. The hydrogen bond lengths are not expected to change in a major way. However, as depicted in Fig. 4 , all three hydrogen bonds are lengthened (compared with closed-shell G⅐C) because of the radical generation. The energy change is only 6.0 kcal͞mol upon optimization (relative to the closed-shell G⅐C structure), and the optimized radical is only 10.6 kcal͞mol higher in energy than the lowest-energy radical, namely G(N9)-C. The binding energy (see Table 2 ) of the G(N2b)-C radical is Ϫ21.2 kcal͞mol, which means that 21.2 Table 2 . One hartree ϭ 4.4 ϫ 10 Ϫ18 J. kcal͞mol energy is needed to dissociate the G(N2b)-C radical into the G(N2b) radical plus cytosine.
Energies of the isolated guanine and cytosine radicals and the G-C radicals; dissociation energies of the optimized G-C radicals
G(N9)-C.
The lowest-energy radical in this series is the radical generated by the abstraction of a hydrogen from atom N9 of guanine. The resulting G⅐C radical relaxes by 13.0 kcal͞mol under geometry optimization and goes to a structure that is 10.6 kcal͞mol lower in energy than the next-higher energy radical G(N2b)-C. Table 3 reports the relative energies of the radicals. Radical G(N9)-C is generated from a position that is used for the sugar phosphate linkage in the single-strand formation. Structural perturbations (relative to closed-shell G⅐C) are modest in this case, as shown in Fig. 5 . Two of the three hydrogen bonds are shortened (by 0.033 and 0.066 Å, respectively, compared with G⅐C) in this case despite being away from the radical center. In both of these cases the N-H bond distances (not the hydrogen bonds) responsible for hydrogen bonding lengthen, although the elongation is not significant enough for an H shift toward cytosine. The dissociation energy (30.0 kcal͞mol) of G(N9)-C is reported in Table 2 .
G(C8)-C.
The radical generated by breaking the C-H bond at the C8 position (see Scheme 1) of guanine is particularly important. The 8-oxoguanine molecule has been found to resemble adenine and identified as a lesion generator (38) . It is very important to investigate the properties of the radical G(C8)-C, because it may be an intermediate in the formation of 8-oxoguanine. The radical generated this way lies 25.8 kcal͞mol above the lowest-energy radical G(N9)-C. The structure relaxes by only 1.3 kcal͞mol compared with the frozen G⅐C geometry when the geometry of the radical is optimized. The dissociation energy for the G(C8)-C radical into G(C8) radical plus cytosine is 27.8 kcal͞mol, comparable to that of G⅐C base pair (27.2 kcal͞mol).
G-C(N4a).
Removing hydrogen atom H4a from the NH 2 group of cytosine results (Fig. 6 ) in the elimination of a hydrogen bond. This elimination brings about a change in the geometry of the base pair along with loss of planarity. This minimum hinders the other cytosine N4 hydrogen from collapsing to bridge the CAO group of guanine and producing the G-C(N4b) structure (Fig.  7) , which lies 9.5 kcal͞mol lower in energy. It will be interesting to know the activation barrier for the interconversion of the G-C(N4a) and G-C(N4b) radicals. The G-C(N4a) radical is predicted to lie 32.2 kcal͞mol above the lowest-energy G(N9)-C radical at the B3LYP͞DZPϩϩ level of theory. The G⅐C constrained hydrogen-abstracted radical releases 8.4 kcal͞mol energy as it is optimized to the G-C(N4a) structure shown in Fig.  6 . Planarity is lost because of the absence of the hydrogen bond, and the guanine and cytosine fragments move away from each other by Ϸ20°. The bond angle opens up (see Fig. 6B ), whereas the other two hydrogen bonds shorten in going from the frozen hydrogen-abstracted geometry to the optimized minimum. The geometry change and the 8.4-kcal͞mol energy relaxation are significant in this case, because of the close stacking of base pairs in a double-stranded DNA helix. The loss of one hydrogen bond also helps to reduce the dissociation energy of this radical to 14.8 kcal͞mol ( Table 2) . Puckering of the radical geometry (see Fig.  6B ) facilitates the dissociation of the GC(N4a) radical into guanine plus the C(N4a) radical. G-C(N4b). The second hydrogen attached to the cytosine NH 2 group is not hydrogen bonded, so removing this atom does not change the structural features of the base pair qualitatively. This G-C(N4b) radical when optimized releases only 3.1 kcal͞mol energy and goes to a structure (Fig. 7) that is 22.7 kcal͞mol above the lowest-energy G(N9)-C radical at the B3LYP͞DZPϩϩ level of theory. All three hydrogen bonds elongate compared with the G⅐C base pair, by 0.150, 0.064, and 0.049 Å, respectively. The dissociation energy of the G-C(N4b) radical is predicted to be 19.3 kcal͞mol ( Table 2) .
G-C(C5).
Removal of the other (bonded to C5, C6, or N1) hydrogen atoms on the cytosine does not alter the geometry of the base pair greatly, except for small changes in the bond lengths due to resonance stabilization of the resulting radicals [e.g., G-C(N1)]. Structure G-C(C5) is predicted to lie 26.8 kcal͞mol above the lowest-energy G(N9)-C radical. The energy relaxation with respect to the constrained G⅐C geometry is small (Ϸ1.3 kcal͞mol). The G-C(C5) radical requires 26.0 kcal͞mol energy to dissociate into guanine plus the C(C5) radical.
Distances are reported both for the frozen geometry of the neutral G⅐C base pair (Fig. 1) and for the optimized G-C radical geometries (Figs. 2-8) . . 7 . Optimized geometry of the G-C(N4b) radical at the B3LYP͞DZPϩϩ level of theory. Note that, relative to G⅐C, the cytosine H atom attached to N4 has been removed. This structure is a conformer of G-C(N4a) with three rather than two hydrogen bonds. 
G-C(C6).
This radical is generated by removing an H atom from atom C6 of cytosine. G-C(C6) lies 23.2 kcal͞mol above the lowest-energy G(N9)-C radical at the B3LYP͞DZPϩϩ level of theory. There is no major change in the geometry relative to G⅐C, as expected from the position of the radical. Radicals generated far from the hydrogen bonds have little effect on the G⅐C dissociation energy. The dissociation energy predicted for this radical is 25.5 kcal͞mol, rather close to the analogous G⅐C prediction of 27.2 kcal͞mol. G-C(N1). The last radical structure to be considered is G-C(N1), generated by removing the H atom from N1 of cytosine. This radical is the lowest in energy among the radicals generated on cytosine in this series. The radical generated at atom N1 is stable because of resonance delocalization of the radical electron. In addition, the radical electron is qualitatively localized near an electronegative nitrogen atom. This radical is predicted to lie only 13.1 kcal͞mol above the lowest-energy radical investigated, namely G(N9)-C. Fig. 8 shows the equilibrium geometry of the G-C(N1) radical. The NH⅐⅐⅐N and NH⅐⅐⅐O hydrogen bond lengths shorten somewhat (0.047 and 0.071 Å, respectively) as well as the N1-C6 bond (0.039Å) adjacent to the radical center. Again, the dissociation energy of G-C(N1) radical (Ϫ26.4 kcal͞mol) is close that for the G⅐C base pair (27.2 kcal͞mol), as reported in Table 2 .
Hydrogen bond lengths for all of the radicals considered in this work using the B3LYP gradient-corrected density functional in conjunction with the DZPϩϩ basis set are reported in Table 4 .
Biological Significance. Size complementarity in double stranded DNA ensures that the larger purines (adenine and guanine), pair with thymine and cytosine, the smaller pyrimidines, respectively (47, 48) . Hydrogen bonded base pairs of correct lengths form the rungs of the ladder that is constrained by the uprights, made of the pentose sugar linked by phosphate groups. Size complementarity is probably more important than the hydrogen bonds itself (49) (50) (51) . The magnitude of structural perturbations predicted here for some of the radicals described above indicates that they will inject significant amounts of strain into the ladder. Reorientation of the backbone on the G(N1)-C radical is particularly important given that the radical generated releases 21.2 kcal͞mol energy while collapsing (relative to G⅐C) to a stable minimum. Other geometrical rearrangements are also significant due to the strain added by loss of planarity and puckering. Estimating the effects of this sort of geometry change in a long DNA ladder will be very interesting.
Concluding Remarks. The theoretically obtained bond distances for the closed-shell neutral G⅐C agree quite well with previous theoretical predictions. As is well known, the gas-phase theoretical results at times do not coincide with the experimental crystallographic data. For a number of radicals studied in the present work the structural changes associated with H atom removal are major. These include base orientation angle changes, reconfiguration of the base pair, and elongation or shortening of the hydrogen bonds responsible for base pairing. The structural perturbations are most profound in the radicals generated at the hydrogen-bonding sites, because these break the structural integrity of base pairing. Similarly, in fact, even more profound structural changes can be expected in the adenine⅐thymine base pair, because it has only two hydrogen bonds. Breaking one of these bonds may cause severe structural disruption.
Lesions generated in the G⅐C base pair will in turn cause strain in the closely stacked base pairing sequence. This strain is most significant (20.7 kcal͞mol) in the G(N1)-C radical (Fig. 2) , where the entire base pairing sequence changes because of a shift of the G⅐C backbone. In two other radicals (Figs. 3 and 6 ) the geometry changes in a major way because of openings of the angles between the guanine and cytosine backbones of between 20°and 31°. This deformation pushes one end of the radical [G(N2a)-C] almost 2.2 Å away from the planar geometry. In the other case [G-C(N4a)] the radical nitrogen atom protrudes out of the plane by Ϸ1.7 Å. It is to be emphasized that the range of radical relaxation energies is wide, from 1.3 to 20.7 kcal͞mol.
Hydrogen bond breakage due to radical formation also has an adverse effect on the radicals because of their reduced dissociation energies. Such a small dissociation energy indicates how easily a base pair radical can be separated into an isolated guanine or cytosine molecule plus the corresponding radical. This dissociation across the hydrogen bonds hints at the breakage of two complementary strands. In two of the radicals [G(N2a)-C and G-C(N4a)] where a radical is formed on a hydrogen-bonding site the dissociation energies are as low as 11.7 and 14.8 kcal͞mol, less than half of the dissociation energy of neutral G⅐C base pair. This finding is further justified from the extent of deformation these two base pair radicals undergo. Overall, lesions in the G⅐C system may cause the base pair to undergo fatal structural perturbations leading to possible strand break and loss of genetic information. P.P.B. thanks Brian Papas for help with Q-CHEM. This work was supported by National Science Foundation Grant CHE-0451445 (to H.F.S.).
